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This is the secomd article in the series reporting the progress of waveguide are stdy
undertaken by the Transmitter Group, In this article we report some experiments and
their prelintinary results on the are study and the are detector evaluation, Some future

experiments are also brieflv discussad.

. Introduction

This is the second article in the series reporting the progress
of wavegtide are study and protection undertaken by the
Transmitter Group. In this article we bricfly describe some
experiments that have been or are being carried out to
investigate the are propertics and to evaluate the are detection
subsystem  performance,  Preliminary results are presented
where appropriate.

1. Controlled RF Arc Generation

Our are study will be based on a controlled RF are
established in the laboratory: therefore, a method of genera-
ting a suitable are has to be found. At present, we are
experimenting with the idea ot establishing an are inside a
resonant structure, During this phase of study, a matched
wiveguide system with o resonant section was assembled. A
black diggram showing the essential components and the signal
patlt is given in Fig. 1. The RE power amplifier used here is
capable of delivering more than 10 Winto a matehed load. The
resomant section is nade of o 10Jo-corlong stmdard wave-
eride (WRHI0) with both ends enclosed with conducting
plines, The coupling is achieved through iris openings in these
comlucting planes. The width for the input plane is such that,
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along with the stub tuner, zeroareilected RE power can be
achieved at resonance, The dris width on the output plane is
such that the loading on the resomtor is negligible while
providing & measurable signal tor monitoring the RE fekds
inside the resonator,

Preliminary results shiowed that the unloaded quatity factor
of the resonmator can be as high as 6,3 X 104 at 2 G/, Sinee
the RF source used in this experiment was not stabilized. the
critival coupling state (zero retlection power at resonanee)
could not be maintained for fong betore detuning occws due
to oscillator drift and/or thermal effects, At present, we e
exploring other alternatives. Among theim, the scheine of Gsing
a very stable VHF oscillator in caseade with o frequency
multiplier seems very promising in providing the necessan

stable RF drive,

The idea of using i resonant stricture is (o sustin a very
high RF field inside the structure with i lowspower RF source,
However, as soon as a breakdown is induced. the doading on
the resonator cm be such that a large mismaeh between the
source amd the resonator oceurs, resulting in substantially
reduced fields inside. This, in turn, can quench the wemg
unfess the atready tormed are can be sustained atamuch lower
fich! level, (This is in contrast 1o the aes generated



high-power trunsmission system where ares are continuously
subject to intense incident RF until the latter is turned off.)
Such difficulty is inherent in any experiment using a resonator
o study the properties of & notenegligible  perturbation
introduced to it. Nevertheless, are study using a resonant
structure stitl merits further pursuit tor the following reasons.,
During the initiad breakdown of high-power transmission, ares
cvolve from a rapid formative (initiation) state into a more
prolonged  sustained state, "The field and energy balunce
conditions 1o bring about an RF are and to sustain it are
believed to be quite ditferent, as is the case for the de ares, In
view of protecting the transmitter. it is logical and desirable to
design an are detector 1o be most responsive o the waveguide
are characteristies that are exhibited during the formative stage
of arcing, in addition to being responsive 1o the emission from
an established are. The short-lived (but readily repetitive)
pulsed ares permitted by the resonutor are usetul in studying
the nature of this formation phase of arcing because the RF
ficlds inside the resonator prior to the breakdown can be made
to approach that present in the waveguide of g high-power
transmission svstem, and therefore resonator ares are expected
to be good simulations of high-power waveguide ares as far as
this phase is concerned,

Since the are formation time was reported to be quite short
(about  microsecond at S KW, and much less at higher
power). a prudent design requires that the are detector should
also respond positively during the following sustained state,
Thus some knowledge about the sustained ares whether they
are moving (such as those that exist further along the
transmitter output waveguide) or stationary (such as those
that may exist at the klystron window) is also highly desirable,
Methods of generating sustained RF ares inside a resonator are
currently being explored so that studies can be done using
them as a source. Such ares are not expected to be fully
commensueate  with  existing  high-power  transmitter ares:
nevertheless, at this carly stage of the detector engineering
design, we do not wishi to tie up a multimillion dollar,

megawatt facility to test are detector responsitivity, O cottrse, .

high power REF ares are eventually needed for tinal verification

tosts,

Ill. DC Nitrogen Arc Experiment

During this phase of study. we also performed some de
nitrogen are experiments mainly as an exercise of getting
acquainted with the optical instrument as well as the tlickering
miture and  rndistion spectrum of nitrogen ares. A block
dizgram showing the basic experimental arrangement is given
in Fig. 2. ’

The optical instroment consists entirely of an EGRG
ANO/ASS Spectroradiomieter systen. 1t has the capability of

performing both spectrometer and rdiometer measurements,
but is calibrated for only the former mode of operation, When
measuring the specteal disteibution of a source, order sorting
filters are needed for each segment of the specttum with
bandwidth 100 ~ 200 mn wide 1o climinate the higher-order
contributions from shorter wavelengths for o given grating
position. The overall spectral runge is deternuned by the fitter
type used. grating range, and photomultiplier responsivity . Foi
our system, it covers trom 330 1o 1200 nm with two ditferent
photomultiplier detectors. The accuracy of the wavelength
reading is estimated (o be 23 nm mainly Jdue to o mechunical
backlash in the grating scanning mechanism,

The are wus generated across o 3.2mm gap between two
tungsten clectrodes with voltage of 10 10 T3 RV across them,
The tube was repeatedly evacuated and refilled with T atmo-
sphere of dry nitrogen gas. The maximum are current is Himited
by the high-voltage supply 1o 1 mAand as a result only w very
limited light ourput has been obtained.

A typical raw spectrim covering the visible range is shown
in Fig. 3. The spectrum is somewhat distorted because the
spectrometer has quite different responsitivities over ditferent
portions of the spectral regions. After correcting for this
difference, a true’ spectrum is obtained, This is & very time
consuming  process because it has to be done for cach
wavelength, Compounding the task are the original uncertainy
of the raw spectrum and the possible errors in wavelength
designation. In Fig. 3 we also show o sample of o corrected
spectrum, As can be seen from there, detail spectral structunes
cannot be unambiguously resolved because of spectrometer
resolution, spectrum uctution, wavelength errors, and the
carrection process for responsitivity dittference. Nevertheless,
such spectrum can still provide a general sketeh of spectral
distribution and their relative magnitude,

For wavelengths between 700 and 1200 nm. a thenmoelee:
trically cooled infrared detector has to be used. At present we
have some ditficultics obtaining a consistent spectrum in this
region fargely due to the dritt and dark currentin the detector
itself, This seems o imply insutticient cooling powei o i
detector. Further study of this problem is under way,

One usetul parameter to deseribe the general characteristes
of anare is the are tempennture, especially when local
thermodynamic equilibrivm prevails, An empirical method has
been established (Ref 1) that can determine this temperature
very conveniently, Specitically, for a given pressuie, the
nitrogen are radiation (per unit source volume. per o unit
wavelength bandwidth and per unit solid angle) at wavelength
N = 20354 is measured. The are tempennture is then read off
from an experimentally established calibration curve showing
the same quantity as a function of temperatare, This particala
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wavelength is chosen.because, in the vicinity ot it, there is no
line spectrm contribution (ie.. pure continuum) even at a
very clevated temperature. Whereas in other parts of the
spectrum, substantial conteibution from line spectrum broad-
ening can take place at elevated temperatures even though
they are also devoid of line spectrum contribution at a lower
temperature, Applying this scheme to our sample spectrum.
the temperature was found 1o be well below 3000 K. which is
consistent with the fact that the are current is limited to less
tan 1 mA, To our kKnowledge, there is no nitrogen spectrum
at this temperature, pressure, and are cureent readily available
for comparison: theretore, o establish confidence in o
measurement technique, spectra at much higher are currents
are needed,

IV. Transmitter Test Light Upgrading

A nitrogen atmosphere test light would be quite desirable as
a light source for are detector testing. However, until such a
unit am be developed and implemented, the xenon-ype tlash
lamp seems to be an interim cost etfective test lanyp despite
the fact that the spectrum it produces is different. In fact,
such o lamp can perform atmost all the functions that we
expect from an ideal nitrogen test light.

A feasibility study of upgrading the existing transmitter test
light subsystem was initiated during this phase ot study, The
goal of this study is to evaluate a commercial solid state
clectronic camera ash as a condidate for replacing the
presently used test light, The attractive features of the tlash
unit used in this study (Kodak Ektra Electronic Flash) are
sl size, lowsvoltage power source (3 V). fast rise time. and
intense light outpat,

The test light is mounted on the transition region fron the
Klystron amplifier output window to o WRH3I0 clbow section.
ft performs routine are detector checks, provides a time
reference Tor response time cheek and can be used in the are
detector sensitivity  catibration. which in i provides the
necessary information for setting the detector safety muargin,

The unit was slightly  moditicd so that it could be
clectronically triggered 1o provide well.controlled and repeti-
tive unambiguous Tashings, At the recommended +3 V supply,
it required three or four seconds to fully charge the unit with
peak clarging current as high as LS AL The standard are
detector was used to detect the fTash via an optical fiber link at
the bend of the elbow. The time delay from the rising edge of
the triggering pulse 1o the rising edge of the are detector
output was measured it several test light levels, The results are
stunmurized in Fig, 4,

Ith is the threshold intensity to produce an observable
Jdetector output, Since both pulses have rather short rise times

198

(of the order of manoseconds), the obwenved delay can be
attributed 1o the combination of the delay inactugd ashimg,
defay due o light path, delay due 1o photodiode tesponse . and
delay due to voltage comparator (EMITE in the ate detectn
circnitry, On the tinte scale of observed delay. it seems that
most of the delay is due to the voltage comparator response
when the input voltage 1o it is small e at very low-light
fevel). This is partindly supported from the specitication of sl
comparator wheee it is shown that substantial response e s
required at fow input level, To show the weakening effect on
the light eventually detected by the photodiode due to the
waveguide and optical tiber fink, the “dead™ time of the
system wis measured by directly connecting the Tash unit
outpat port te the are detector input port. Atmasinmum lash
output, the delay time was measured 9t 0.7 ps as opposed o
the minimal observed time of 6 ps in the actual waveguide
contigurition,

Cleasly, from the results obtained. we vonchnde, to make an
are detector effective and reliable, every step o caution has o
be taken to assure the maximum wamount of light reaching the
photadiode  surface, Assuming that the detector remann
unaltered, the  tollowing arcus  tor improvement tenwin
waveguide  wall reflectivity, optival aceepranee geomenny,
optical tiber attenuation, and optical fiber-to-photodiode
coupling. Among them, the acceptance geometry and tiber
diode coupling seem 1o offer more room for improvement.
Only the coupling problem will be discussed here amd we will
say more about optical aeceptanee geomenty it the nest

section,

On a closer examimation of our hardware, we tound that
the optical fiber-to-photadiode coupling was rather poot in
our present set up. The problem arises mainly fiom the
physical construction of the fiber itselt, which is customenade
and has two input and two output chanaels. The individual
tiny fibers that constitute the nuin optical tiher are o
arcaneed that whenever there is light incither input channel. i
will be equally split into two output channets. Kdeally we
would like 1o lave the light emerging from the output channel
unitormly distributed over the whole crossasectient wea to
maximize the effective intereeption between this cross section
and the photodiode active surface because they ate not ot the
same size and shape, Untortunately, this is not the case for ot
fibers. The light emerging from our optical fiber temds to
cluster in patches amd is distributed inegully over the crow
section, With the active photodicde swtiee smabler than the
optical fiber cross section, the effective ight couphing van be
severely reduced depending on the actual et distibunion,

Anoattenuation expenment was cartied out toomvesteate
the toss due o this “optical mismatel™ A wonechtemane
light source, whose size is the same as the duameter of an



optical probe aperture used for detecting the light at the
output end but less than that of the optical tiber, provides a
unitorm illumination on the input cross section, The results of
the measurement were sunimarized in Table 1. Judging from
the state of the art of optical fiber technology and taking into
account the tength involved and the power splitting tfeature, an
attenuation of §,0 ~ 5.5 d8 between channels is regarded as
nornal, We have incurred an additional attenuation ot up to
L AB due to poor coupling, This deficiency in coupling can
be corrected without ditficulty, 18 we exchiamge the roles of
input and output channels, we can obtain o uniform light
ottput over the entire cross section at the input channels,

V. LED Array Simulation Experiment

One picee of design information that is usetul in maximiz.
ing the amount of light reccived by the detector is the fraction
of the light output that enters the optical tiber for a given
source and  fiber contiguration, Not knowing where  the
breakdown will occur in the general arca of the klvstron
anplitior output window, it is impossible 1o obtain a specific
answer, In the following, we attempt to make an order-of-
magnitude estimate of this fraction based on the assumption
that the are will strike across the center ol the broad wall of
the waveguide at the far end where the test light is situated, A
lincar LED array was used to simulate the are. s dimension is
32 mm X 308 mm, and at a distanee of more than S0 em
away. it can be regarded as an effective point souree, The
desired fraction is then obtained by taking the ratio of the
amount of light received at the input end of the optical fiber
to the light intensity of the source, The optical measurement is
similur 1o that shown in Fig. 2 and the essential data are
stnunarized below:

L = Total light emitted from the souree per umit solid angle
per unit wavelength tice, irradiant astensity per ung
wivelength)

"

204 X100 Winerad

-~
n

Total light received at the input end of the optical
fiber per unit wavelength

"

S X 10°10W/nm

Therefore the effective solid angle subtended is

1. -4
Qo = P = ] OX 077 rad

However. the apparent solid angle is approsimately

0 200X 107% rad

Sapp

That is. the effective solid angle is twice the apparent solid
angle indicating that the contribution of Tight indirectly
scattered into the oprical fiber is not insigniticant. In G, it is
quite comparable to that from direct seattering, One other

aspect worthy off note tfrom the above caleulation is that 3

lincar souree can radiate into o solid angle o the order of =
radians while our effective solid angle is only about 2 X 1079
radian, i only about Q01 percent of the Helit gets detected
in our present geometry, It seems reasomable o assume this
collection efficieney can be improved somewhat by enlarging
the aperture of the optical fiber umil the electiomagnetic
characteristios of the svstem start to be attected.
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Table 1. Optical tiber attenuation and one of the-
test configurations

INPUT ouTPUT
CHANNEL 1 — ‘ CHANNEL }
/

PROBE HEAD

N,

-Q

CHANNEL 2 {- CHANNEL 2
Input Output Attenuation,
channel channy| JdB 2 0.3
1 t 6.2
! 2 8.6
2 1 7.6
2 2 6.1
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INDICATOR CURRENT, A
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Fig. 3. Nitrogen spectrum: () a sample of raw spectrum;

(b) the same spectrum after correction

DELAY TIME, u1

52

48

32

28

24

16

12

Ll Y Y rrrry ‘ Af Y T Yrriry '] v T T vrril

- -
B TEST LIGHT

| INPUT .

WAVEGUIDE

- ELBOW T

— -4

L 1 -

- OPTICAL KLYSTRON =

- FIBER outPUT J

LINK WINDOW |

= -

|

i

- -1

" X N

CHANNEL I CHANNEL 2 ;

- -

DETECTOR :i

B !

1

- EjT

|

i

J

i i aaasaal i 2o el L — LALL]

10° 10! 10° 10°

INTENSITY /1,

Fig. 4. Delay time versus test light intensity



